• In many organisms, individuals behave more altruistically towards relatives than towards unrelated individuals. Here, we conducted a study to determine if the performance of Arabidopsis thaliana is influenced by whether individuals are in competition with kin or non-kin.
Introduction
The theory of kin selection (Hamilton, 1964) proposes that behaviour among individuals should depend upon their genetic relatedness. This is because individuals can transmit copies of their own genes not only through their own reproduction, but also by favouring the reproduction of kin, such as siblings or cousins. Importantly, co-operation among kin is much more likely to evolve by kin selection if relatives and nonrelatives can be distinguished and behaviour altered in response to that information (Lehmann & Perrin, 2002) . Studies in species as diverse as bacteria, amoeba, insects, birds, mammals and humans have indeed revealed that individuals modulate their behaviour depending on the social context and the relatedness of interacting individuals (Sherman, 1977; Pfennig & Collins, 1993; Komdeur, 1994; Sundström et al., 1996; Buchan et al., 2003; Langer et al., 2004; Sherborne et al., 2007; Gibbs et al., 2008; Mehdiabadi et al., 2008) .
Because plants are often aggregated and seed dispersal skewed towards a limited distance away from the maternal plant, neighbours are likely to comprise kin and non-kin, a situation that may favour kin recognition and weaker competitive reactions towards kin than towards unrelated individuals. Several studies have investigated whether plants respond differently when in the presence of kin and nonkin, and they have yielded contrasting results. While some studies have reported that plants perform better when they grow in competition with siblings (e.g. Willson et al., 1987; Donohue, 2003; Dudley & File, 2007) others have reported the opposite effect (Allard & Adams, 1969; Antonovics & Ellstrand, 1984; Milla et al., 2009) or no significant differences (McCall et al., 1989; Argyres & Schmitt, 1992) . A recent study found that sagebrush (Artemisia tridentata) plants responded differently to volatiles emitted by clipped branches of self and different neighbours (Karban & Shiojiri, 2009) . Some studies also found contrasting results depending on the traits studied (Tonsor, 1989) , or the growth conditions (Andalo et al., 2001) .
There are several possible explanations for these discrepancies. First, they may be attributable to differences across species in the relative effects of kin selection and resource partitioning (Cheplick & Kane, 2004 and references therein; Monzeglio & Stoll, 2008) . Thus, a strong effect of kin selection in some species may lead to higher fitness in kin groups while a strong effect of resource partitioning may lead to the reverse effect with greater fitness in mixed groups. Secondly, the differences among studies may be attributable to differences in experimental design and uncontrolled genetic variations affecting growth and reproductive success (see Donohue, 2003) . Several studies have reported intrinsic differences in competitive abilities between genotypes (Cheplick, 1997; Gustafson et al., 2004; Latta et al., 2004; Cahill et al., 2005) . Thus, the choice of genotypes used in the experiments may affect the outcome of competition, with some genotypic combinations resulting in higher growth in kin groups and others in higher growth in non-kin groups (Donohue, 2003) . Because most studies investigating the effect of kin group structure have not controlled for family effects, it is difficult to determine the relative contributions of resource partitioning, differences in competitive abilities and kin effects to growth and competition. Moreover, many studies have been performed with seeds collected from the field, so in such studies uncontrolled maternal effects may also contribute to differences in growth and reproductive success (Donohue, 2003) .
In this study we tested for the occurrence of kinship effects in Arabidopsis thaliana by using clearly identified accessions and by exploring reciprocal interactions between pairs of accessions. In addition, microarrays were used to look for genes differentially expressed in kin vs non-kin conditions. We chose A. thaliana because: it produces a high number of seeds with low dispersal, favouring interactions between individuals; a high number of accessions with known genetic relatedness are available from seed stock centres; and genomic tools such as DNA microarrays can be used to assess intraspecific changes in gene expression. Seven pairs of accessions representing a wide geographical area were selected and their interactions were analysed in two performance assays (early growth and silique production).
Kin selection theory predicts that individuals living with kin should invest less in competition, leading to a better reproductive performance compared with individuals living in non-kin conditions (Hamilton, 1964) . By contrast, resource partitioning, or niche partitioning, predicts that nonrelated individuals competing within a group will partition resources more efficiently than related individuals and therefore have greater fitness (Young, 1981; Price & Waser, 1982) . Finally, a difference in competitive ability between individuals predicts no consistent effect of relatedness on the outcome of competition. We define competitive ability as the ability of a plant to acquire resources from the environment to the detriment of competitors or the ability to inhibit the growth and reproduction of competitors (Goldberg, 1996; Aarssen & Keogh, 2002) . In the latter case, the relative fitness of a genotype in competition with itself or with another genotype should depend only on the relative competitive abilities of the genotypes and not on kin effects. Our goal was to test whether A. thaliana accessions always grow better in the presence of kin, suggesting the occurrence of kin selection, or always grow better in the presence of non-kin, suggesting resource partitioning, or grow differently depending on the accession, suggesting varying competitive abilities.
Materials and Methods

Plant material
The small annual plant Arabidopsis thaliana (L.) Heynh. (Brassicaceae) was chosen as the model system for this study. The patterns of genetic polymorphism of many accessions collected in the Northern Hemisphere have been analysed for numerous DNA fragments representing 0.48 Mbp of the genome (Nordborg et al., 2005) . From these data, we chose seven pairs of accessions (Nordborg et al., 2005) that cover most of the range of pairwise genetic diversity described in the Nordborg et al. study. The most closely related pair was Ren-1 ⁄ Ren-11, which contained 0.0027 single nucleotide polymorphisms (SNPs) per site, whereas Bay-0 ⁄ Mrk-0 was the most distantly related pair with 0.0047 SNPs per site (Supporting Information  Table S1 ). Because of the high rate of selfing and because all accessions were initiated from a single individual, the within accession relatedness was very high (in particular because Nordborg et al. (2005) only kept accessions where they did not find any level of heterozygosity). We selected five pairs of accessions (NFA-8 ⁄ NFA-10, Zdr-1 ⁄ Zdr-6, Lp2-2 ⁄ Lp2-6, Kz-1 ⁄ Kz-9 and Ren-1 ⁄ Ren-11) with pair members collected within a few hundred metres of each other, thus probably sharing the same habitat, and two pairs (Bay-0 ⁄ Mrk-0 and Ts-1 ⁄ LL-0) where the distance between pair members was 160 and 20 km, respectively. Moreover, this group of seven pairs encompassed a large geographical area, allowing any effects attributable to local environment or latitude to be minimized (Fig. 1 ). Seeds were obtained from the Nottingham Arabidopsis Stock Centre (NASC, Nottingham, UK). All accessions were collected in 2003 except Bay-0, Mrk-0 and Ts-1, which were collected in 1995. Seeds were donated to the seed stock centre (http:// www.arabidopsis.org) and went through two or three generations by selfing before they were distributed (Luz Rivero, ABRC Germplasm curator, pers. comm.). Starting from c. 10 parent plants, we generated two more generations by
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Research 323 selfing before conducting the experiments. Fresh batches of seeds were produced at the same time for all accessions in a growth chamber under standard conditions (22°C, photoperiod 16 h ⁄ 8 h, relative humidity 65% and photosynthetic photon fluence rate 100 lmol m )2 s )1 ).
Measure of kinship effects
For competition analyses in vitro, we measured the biomass of a focal plant surrounded by six neighbours after 12 d of growth on sterile agar medium. For each pair of A. thaliana accessions, a seed was placed in the centre of a hexagon formed by six neighbouring seeds of the same accession (kin) or by six seeds of the other accession (non-kin). The distance between the focal plant and a neighbour was 0.5 cm and each agar plate (9 cm diameter) contained five groups of seedlings. The plates with kin and non-kin treatments were randomly placed in the growth chamber to eliminate any position effect. Agar plates were composed of half Murashige and Skoog (MS) medium (M5524; Sigma) supplemented with 0.25% sucrose and 0.8% agar (A1296; Sigma). Seeds were surface-sterilized using a vapour-phase bleach sterilization method. Plates were stored at 4°C for stratification for 6 d and were then transferred to a growth room (22°C, photoperiod 10 h ⁄ 14 h, relative humidity 65% and photosynthetic photon fluence rate 100 lmol m )2 s )1 ). After a growth period of 12 d, the aerial part of each focal seedling was cut and weighed on a highprecision balance. Focal plants not surrounded by six neighbours because of poor germination were not considered. The number of plants analysed for each replicate experiment is listed in Supporting Information Table S2 . For the accessions Ren-1, Ren-11, Zdr-1, Zdr-6, Lp2-2, Lp2-6, and Kz-1, we performed a noncompetitive control experiment where each focal plant was grown alone in a plate. This treatment was randomized together with the competitive treatments.
For competition analyses in soil, we measured the silique production of a focal plant surrounded by four neighbours grown in the same pot. For each pair of A. thaliana accessions, a seedling was planted in the centre of a pot (7 cm diameter) containing 230 cm 3 of soil and was surrounded by four seedlings of the same accession (kin) or by four seedlings of the other accession (non-kin). Seedlings were germinated on agar plates similarly to the in vitro culture. After 4 d of growth, seedlings were transplanted to pots with a distance of 2.5 cm between the focal plant and the neighbours. The soil contained 65% humus, 10% sand, 15% perlite and 10% silt and was not complemented with fertilizer. Trays containing randomized pots were transferred to a glasshouse at 22°C under natural light with 16 h of supplemental lighting per day. Plants were watered twice a week to maintain a constant moisture level throughout the growth period which lasted c. 2 months. When leaves started to turn yellow, the aerial part of each focal plant was collected and the number of siliques was recorded. Only pots containing five plants were considered. The number of plants analysed for each experiment is listed in Table S2 . A noncompetitive control experiment was performed with the accessions Ren-1 and Ren-11 where a single plant was grown per pot. This treatment was randomized together with the competitive treatments.
Statistical analyses
To test whether biomass and silique production of focal plants were influenced by the type of neighbour, we used two-way analysis of variance (ANOVA), where the type of neighbour (kin or non-kin) and the geographical origin of accessions were used as fixed factors. In addition, we tested whether biomass and silique production might be influenced by the different competitive abilities of the accessions. To this end, we separately analysed each pair of accession using two-way ANOVAs, where the accessions used as focal plant and as neighbour were considered as fixed factors. 
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Interactions between factors were tested in all analyses. As biomass was measured on one to three biological replicates, we categorized the replicates as random factors in the corresponding analyses (mixed models). Finally, to achieve residual normality, variables were normalized by square-root transformation. Variables were back-transformed for figures. All tests were two-tailed. P-values were estimated with restricted maximum likelihood (REML) methods using the software jmp 7.0 (SAS Institute Inc., Cary, NC, USA). The significance level a = 0.05 was adjusted for multiple testing to a = 0.0375 using the false discovery rate (FDR) method of Benjamini & Hochberg (1995) .
Gene expression analyses
Seedlings were grown for 12 d on MS agar plates similarly to the in vitro growth assay. Approximately 75 focal seedlings (shoots and roots) per condition (kin or non-kin) were collected and stored at )80°C. Plant tissue was then ground in liquid nitrogen and RNA was extracted, reverse-transcribed and labelled with Cy3-or Cy5-dCTP as previously described (Reymond et al., 2004) . Labelled cDNA was hybridized to Complete Arabidopsis Transcriptome MicroArray (CATMA) microarrays containing 22 473 gene-specific tags (Hilson et al., 2004; Allemeersch et al., 2005) . Microarray hybridizations were performed in triplicate with a dye-swap design. Scanning, normalization and data analyses have been described previously (Reymond et al., 2004) . To control for multiple testing, we applied the FDR method.
Results
Competition influences the growth and reproductive performance of focal plants irrespective of the neighbours' genetic relatedness
In order to identify conditions conducive to competitive interactions between neighbours, we performed a preliminary experiment with the extensively studied accession Columbia (Col-0). We planted varying densities of seeds in a pot and measured the silique production at maturity and the total aerial biomass before bolting. As the number increased from one plant per pot to 20 plants per pot, silique production and leaf biomass per plant declined sharply, indicating that plants were experiencing competition (Supporting Information Fig. S1 ). We thus selected a design with five plants per pot, one focal plant and four neighbours, corresponding to an intermediate level of competition, for further studies.
To verify that the members of the selected accession pairs were also competing with each other in our experimental design, we compared the in vitro growth and silique number of a focal plant growing alone with those of a focal plant surrounded by kin or non-kin neighbours. For Ren-1 and Ren-11, single culture provided a higher biomass and silique number than competition with either kin or non-kin plants (Fig. 2) . Similar results were obtained for biomass with five other accessions tested for in vitro competition (Supporting Information Fig. S2 ).
Having shown that competition occurred with our experimental design, we then tested the effect of neighbours' genetic relatedness on the in vitro growth of seedlings and on the production of siliques. The in vitro performance assay had the advantage of examining plants interacting in sterile and well-controlled conditions, preventing the possible interference of other living organisms with the interaction, whereas growth in pots assessed the reproductive performance of the plants under more natural conditions. Overall, the biomass and silique production of the focal plants were significantly different between accessions within pairs (Table 1) . However, there was no significant effect of neighbours' relatedness, indicating that interaction with kin was not systematically associated with higher growth and reproduction of focal plants. Furthermore, there was no 
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Research 325 significant interaction between the genotype of neighbours and the origin of the accession, suggesting that the growth and silique production of a given accession were not affected by specific interactions between accessions within the pairs (Table 1) .
A further analysis of each of the seven accession pairs revealed different competitive abilities between accessions (Table 2 ). For six out of the seven accession pairs tested, one accession always grew better when surrounded by kin than when surrounded by non-kin, while the other grew better when surrounded by non-kin than when surrounded by kin. Similarly, one accession always produced more siliques when surrounded by kin for five out of six pairs of accessions, and vice versa for the other accession of the pair (Table 2 ). For instance, with the pair of accessions Ts-1 ⁄ LL-0, we observed that the genetic identity of the neighbour had an influence on the weight and the number of siliques produced by the focal plant. The focal plant Ts-1 produced significantly less biomass when surrounded by Ts-1 than when surrounded by LL-0. In contrast, LL-0 produced significantly more biomass and siliques when surrounded by LL-0 than when surrounded by Ts-1 (Fig. 3a) . Tables 1 and 2 . Tables 1 and 2. 326 Research
Thus, the presence of Ts-1 as a neighbour resulted in decreased growth of the focal plant, independent of its genotype, and the opposite effect was found for the accession LL-0. Similar to the in vitro assay, Ts-1 appeared to be a stronger competitor than LL-0: the accession LL-0 produced more siliques when growing in a pure stand than when growing with Ts-1, whereas Ts-1 produced fewer siliques in the pure stand (Fig. 3b) . Growth in kin conditions thus resulted in two opposite effects, depending on the accession considered. Data for all accession pairs are shown in a difference plot. The occurrence of kin selection predicts that the fresh weight or silique number difference between kin and nonkin conditions will always be positive (i.e. larger fresh weight or silique number of the focal plant when growing with kin) whereas resource partitioning predicts that the difference will always be negative (i.e. smaller fresh weight or silique number of the focal plant when growing with kin). Instead, we found that for all accession pairs the values were positive for one accession and negative for the other, clearly indicating differences in competitive ability (Fig. 4) . We found that Lp2-2 was a stronger competitor than Lp2-6, Ren-1 than Ren-11, Mrk-0 than Bay-0, NFA-8 than NFA-10, and Zdr-1 than Zdr-6, whereas Kz-9 was a stronger competitor in terms of growth, and Kz-1 was a stronger competitor in terms of silique production, but the effects were small (Fig. 4; Supporting Information Figs S3,S4,S5) . Competitive ability and tolerance to competitors varied between accessions, as the effect of the neighbour on the focal plant differed in magnitude and was significant for some pairs and nonsignificant for others (Table 2) . For instance, in the pair Zdr-1 ⁄ Zdr-6, the number of siliques produced by the weaker competitor (Zdr-6) decreased by only c. 13% in the presence of the stronger competitor (Zdr-1), whereas it decreased by 58% for Zdr-1. This result suggests that Zdr-6 was less competitive than Zdr-1. By contrast, in the pair Ren-1 ⁄ Ren-11, the number of siliques produced by both the weaker and stronger competitors decreased by c. 53% in presence of the stronger competitor (Ren-1), suggesting no differences in their tolerance to ) competitors. Interestingly, the stronger competitor of a pair was the accession that grew to a larger size when grown in single culture, suggesting that the competitive effect might be attributable to greater efficiency in exploiting the available resources (Fig. 2 and Fig. S2) .
Interestingly, the pairwise genetic differences between accessions from the same population were only slightly smaller than the differences between accessions that were separated by c. 1500 km (Table S1 ), suggesting that the within-population differentiation between accessions should have been sufficient to observe kin recognition effects if they occurred. Consistent with this view, the in vitro experiments on pairs in which the accessions were separated by c. 1500 km (Bay-0 ⁄ Ts-1 and Ren-1 ⁄ Lp2-2) gave very similar results to those on pairs in which the accessions were from the same population (Supporting Information Fig. S6 ).
In summary, growth in kin conditions did not result in systematic reduced competition or a better reproductive performance. Instead, we found that the existence of a strong and a weak competitor in most pairs tested in this study was the key factor that controlled the outcome of the interaction between accessions. Although the effect on growth and reproduction appeared consistent with the kin selection theory when one weak competitor was surrounded by its kin, the reciprocal comparison did not confirm this result, arguing against a kin selection phenomenon.
Comparison of gene expression between kin and non-kin conditions
The second aim of our study was to investigate whether there was a difference in gene expression between focal plants grown with kin and those grown with non-kin. Such a difference might be interpreted as recognition, or a differential investment in competition dependent on the kin ⁄ non-kin environment. Whole-genome DNA microarrays analyses were performed on two pairs of accessions (Mrk-0 ⁄ Bay-0 and NFA-10 ⁄ NFA-8) exhibiting strong differential growth in our in vitro test. We compared gene expression between seedlings growing in vitro surrounded by their kin and seedlings that were surrounded by nonkin. For each accession, the experiment was repeated three times independently, giving a total of 12 microarrays. Using an FDR threshold of 10%, we could not find genes that were significantly up-and down-regulated in kin vs non-kin conditions in a single accession. Similarly, in analysis of all accessions together (12 replicates in total), we were again unable to identify any differentially expressed gene that fitted the selection criteria. Overall, these data indicate that, under our experimental set-up, growth in kin and non-kin conditions did not produce differences in transcript signature (Supporting Information  Table S3 ).
Discussion
Our results clearly show that the relatedness (kin vs nonkin) of neighbours had no significant effect on the growth of focal plants and the number of siliques they produced. However, the biomass and fitness of plants were strongly influenced by the genotype (accession type) of the competing plants. These results thus show a large difference in competitive abilities of the accessions tested, but a lack of specific responses of accessions to whether they are in kin or non-kin conditions. This conclusion contrasts with that of an earlier study on A. thaliana, which concluded that kin selection effects were present on the basis of genotypes performing better in a pure stand than in a mixture (Andalo et al., 2001) . However, in this study the association with relatedness was reversed by elevated CO 2 concentrations, suggesting that factors other than just relatedness are operating. Andalo et al. pooled data over five experiments where focal plants were grown with five different treatment genotypes. A re-analysis of the data (kindly supplied by Christophe Andalo) shows that in each set of four non-kin experiments there was at least one genotype against which the focal plant grew poorly and this pairing had a large impact on the mean productivity of the focal plant in non-kin conditions when data were pooled. Unpooled data show that, for each focal genotype (there were five in all), focal plant productivity was actually better at ambient CO 2 when surrounded by non-kin than when surrounded by kin in approximately half the 20 non-kin experiments. Thus, Andalo et al.'s results may reflect differences in competitive ability between genotypes (as we also have found in our study) rather than kinship effects.
Similarly, the association found between within-group relatedness and productivity and fitness in many other studies may be attributable to differences among genotypes in competitive ability. In the sea rocket Cakile edentula, plants surrounded by siblings had, on average, higher reproductive success. However, there was a family effect, with some families having a higher fitness when competing with siblings and other families having a higher fitness when competing with unrelated families (Donohue, 2003) , showing that effect direction varied. A more recent study of kin effects in C. edentula showed that biomass allocation to fine roots was higher when plants competed with unrelated individuals than when they competed with kin, which has been suggested to be a result of kin recognition (Dudley & File, 2007) . However, this conclusion has been a subject of debate because of statistical issues with the data analyses (Klemens, 2007 ; though see Dudley & File, 2008) . Moreover, kin groups did not show increased reproductive fitness, raising the question of the significance of the results of this study (Milla et al., 2009) , although the design of the experiment might have precluded a good measure of fitness consequence (Dudley & File, 2008) . Tonsor (1989) showed 328 Research New Phytologist that relatedness affected performance in Plantago lanceolata, with a higher number of flowering plants per pot in highrelatedness treatments. However, Tonsor suggested that these patterns were more likely to be a result of growth-rate variation being lower in high-relatedness treatments than an outcome of altruism (i.e. in low-relatedness treatments one plant often dominated). He further suggested that the direction of the effect might well have been reversed under different resource conditions, as found by Andalo et al. (2001) . Family effects were also found in Triplasis purpurea (Cheplick & Kane, 2004) , where only one out of five pairs of families showed better growth and reproduction when grown with relatives, leading the authors to conclude that overall better growth with non-kin resulted from resource partitioning. Similarly, Milla et al. (2009) found no evidence overall for kin-selected co-operation in kin relative to non-kin treatments in Lupinus angustifolius, but once again family lines varied in their response. In general, it appears that studies in plants provide strong evidence for growth and fitness being influenced by the genotype of neighbours, but the effect of the relatedness between neighbours is unpredictable and there is as yet no conclusive evidence of kin recognition affecting the outcome of competition and the fitness of interacting individuals.
Our expression data are also consistent with a lack of kinship effect on growth and fitness. Overall, no gene was differently expressed when focal plants were grown with kin and with non-kin. The differential expression of genes in the context of kin vs non-kin is a prerequisite for kin recognition and kin selection to operate. To date there have been no studies determining how patterns of gene expression are affected by the kin structure of the group. In both ants (Wang et al., 2008) and Drosophila melanogaster (Kent et al., 2008) , the level of expression of individuals was affected by the genotypic composition of other group members. However, these studies did not investigate whether within-group relatedness affected patterns of gene expression. Such studies would be of great interest.
The biochemical or molecular mechanisms underlying the effects of neighbours on the growth and reproduction of focal plants are unknown. Given our experimental design, an effect of shade avoidance is unlikely. Seedlings growing in vitro were small and the leaves did not overlap each other frequently. In pots the number of plants was relatively small and the growth of focal plants was affected by neighbours before the leaves started to overlap each other (data not shown). It is therefore likely that the observed differences in competitive ability are attributable to a different capacity of each accession to acquire resources from the soil or the inhibitory effect of one accession on the other. The differential expression or activity of ion transporters, the ability to transfer solutes from roots to shoots, the release of growthinhibiting substances, the sequestration of resources, the release of aboveground volatiles and light-capture efficiency are some non-mutually exclusive parameters that could vary between competing plants and explain the results. Clearly, more biochemical or genetic studies will be necessary to resolve the question of why some accessions had higher competitive abilities than others.
In conclusion, our study does not provide any evidence for a differential response to kin vs non-kin in A. thaliana. Rather, the outcome of competition experiments between kin and non-kin depends on the strength of the competitive abilities of the families ⁄ accessions used. Therefore, a global analysis of multiple interactions may give the impression that kin selection is operating if there is an overrepresentation of weak competitors in the non-kin treatment. Thus, systematic reciprocal analyses of pair-wise competition experiments need to be undertaken before drawing general conclusions on the nature of these interactions. There is also the possibility that kinship effects are only manifested in specific biotic or abiotic environments (e.g. Goodnight, 1985) . In a study carried out in the field, seedlings of the pasture grass Anthoxanthum odoratum had a higher fitness when grown with siblings than when grown with unrelated individuals (Antonovics & Ellstrand, 1984) . In a related experiment, A. odoratum plants attacked by aphids showed a better survivorship when growing with unrelated neighbours than when growing with siblings (Schmitt & Antonovics, 1986) , illustrating the potential role of biotic factors in these interactions. However, with the exception of these two experiments conducted at a natural site and that of Donohue (2003) with C. edentula transplanted into its native environment, most studies so far have tested the response of plants to neighbours in glasshouses or growth cabinets in carefully controlled conditions, where nutrients were not limiting and in the absence of diseases. It would be interesting to repeat these experiments in a natural environment where abiotic and biotic factors might influence the outcome of the interactions. Finally, the choice of the model plant can be an important factor. Like the self-incompatibility system, which is only present in some plant species (Sanabria et al., 2008) , kin recognition mechanisms might not be universal. Further study of kin recognition in other plants with different life histories and reproductive modes is thus necessary before more definite and general conclusions can be drawn on whether kin recognition occurs in plants. 
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